Abstract The Aba'ala spate irrigation systems, traditional and modern, have experienced different set of floodwater and sediment management problems. Despite the dire need of alternative spate irrigation system layout, operational strategy and locally maintainable structures, efforts made to manage floodwater and control sedimentation had been structural. Hence, the study was conducted to evaluate the existing flood and sediment management practices and identify alternative options for optimum management of floods and sediments in Aba'ala plain. Primary data including discharge, sediments and river cross-sections were collected through direct field measurement. Interviews and focal group discussions were also employed to understand the operational and maintenance activities. Delft3D model was used to simulate flow and sedimentation under different scenarios. For the existing condition, the model showed high sediment deposition and low flood water abstraction. The floodwater diverted is 2.1 and 1.16 Mm 3 from the traditional intake and 1.52 and 0.51 Mm 3 from the modern intake at medium and low floods respectively which is far below the required 2.8 Mm 3 of water. Under Scenario-II, the modern intake diversion capacity is improved to 5.38 and 2.36 Mm 3 at medium and low floods. However, a water level decline of 15 cm is observed at 
Introduction
Arid lowlands of Ethiopia is one of the most vulnerable and food insecure regions in the world. About 3.4 million people out of the 11 million people who live in the arid lowlands of Ethiopia depend on food aid. Droughts in the years 2000, 2005, 2008 and 2011 raised the number of food aid dependent people (to 6 million in 2011) and distress sales of livestock and other assets (Mehari et al. 2013) . Aba'ala, located in the arid lowland area, had been affected by severe droughts and famine for the last several years (Woldearegay 2004) . The existing perennial rivers exhibit low flow which could not support crop production in the area. Nonetheless, Aba'ala area receives intense short duration floods coming from Didiba Derga-Ajen highlands in Tigray Regional State. With spate irrigation, far more efficient use can be made of these floods to secure water availability in Aba'ala plain which is dominated by agro-pastoralists. Hence, spate flow is considered as the most economical and the only water resource used for agriculture, livestock and domestic uses.
Spate irrigation is a type of water management, unique to arid regions bordering highlands. It is a largely neglected and forgotten form of resource management, in spite of its potential to contribute to poverty alleviation, adaptation to climate change and local food security (Steenbergen et al. 2010) . In the Aba'ala Plain, both traditional and modern spate irrigation systems are practiced. Managing floodwater, occasionally large in volume and often destructive and having high sediment load, is the major challenge to make spate irrigation sustainable and productive (Mehari et al. 2011) .
The traditional diversion structures and canals, in Aba'ala Spate Irrigation Scheme, were frequently damaged by large floods. The farmers in the area have for years struggled to rebuild their intakes and water distribution structures on time to make efficient use of subsequent floods. Their effort, in this daunting task, had been an exercise in futility and several floods were lost due to failures to maintain and sustain the structure. Consequently, crops were left to frequently rely on limited soil moisture and exposed to long dry spells, which has ultimately resulted in very low yields. There was no serious problem associated with sediment under the traditional system since much of the sediments at the vicinity of the structures are washed away during high floods. A study made by Lawrence (2008, unpublished) too indicates that traditional intakes were less affected by sedimentation than the modern intakes as they are washed away by large volume and high velocity of floods when high concentration of coarse sediments are being transported.
Spate irrigation is as much about sediment management as it is about water management (Steenbergen et al. 2010) . Spate flows usually carry high sediments, which deposit around diversions blocking intakes, deposit at canals reducing conveyance capacity and transport to the fields causing rapid rise of the command areas. However, it should be noted that these sediments can also be source of valuable plant nutrients that maintain soil fertility (Lawrence 2008; Steenbergen et al. 2010; Tesfai and Sterk 2002) .
In Aba'ala spate irrigation schemes, the problem of sediment deposition is more pronounced with modern diversion and intake structures since the effort made to modernize the scheme was focused on increasing volume of diverted floodwater without due attention to the sediment concentration of the floods. Furthermore, efforts made to manage floodwater and control sedimentation, to-date, had been structural. The impacts of alternative spate irrigation systems layout, structural designs, operational strategy and rules have rarely been analyzed. A practical approach of flood water and sediment management that entails a menu of alternative system layout and locally maintainable structures is the order of the day. Hence, this study was undertaken with the major objective of identifying alternative options that would optimize floodwater and sediment management in Aba'ala plain, where spate irrigation is practiced as a major means of food security. The specific objectives are (i) to determine the flood discharge and rate of sediment deposition at and around the intakes; (ii) to evaluate the design of traditional and modern diversion intakes in light of flood diverting floods and managing sediments; (iii) to evaluate the adequacy of diverted floodwater to meet water requirement of crops grown considering good, average and bad flood seasons; and (iv) to review and simulate suitable design options (improvements) for better floodwater and sediment management.
Materials and Methodology

The Study Area
The study was conducted in Aba'ala Wereda, in Afar National Regional State of Ethiopia, located between 13°15′ and 13°30′ N latitude and 39°39′ and 39°53′ E longitude. The Wereda covers an area of 1,700.00 km 2 approximately, and has a total population of 37,963 (CSA 2007). Aba'ala has a semi-arid climate with maximum temperature of 33°C and a minimum temperature of 11.6°C. It receives a bimodal rainfall ranging from 315 to 450 mm/year.
Thirty three percent of Aba'ala Wereda is floodplains of which 16.8 % is under cultivation, while the remaining 67.14 % is ridges and hills that are mainly used for grazing or browsing (Diress et al. 2003) . The area is characterized by flat plains and a series of elongated ridges and undulating hills (Mehari et al. 2013) . The altitude of the area varies from 1,300 to 1,700 m above sea level (masl) with an average elevation of 1,500 masl (Addis et al. 2001) .
There are four main rivers that supply water to the study area; two perennial, May shugala and May Aba'ala, and two seasonal, namely Murga and Liena. The highland of Didiba DergaAjen, Tigray, with an annual rainfall ranging from 450 to 750 mm, is the main source of flow for all streams (Woldearegay 2004) . Aba'ala Sub-basin ( Fig. 1 ) with a total area of about 55,470 ha is situated in two regions; the upland where the flood originates in the Tigray Region and the low-lying plain where spate irrigation is being practiced in the Afar Region (Mehari et al. 2013) .
The rainfall intensity of the area is usually high leading to large runoff volume, and this coupled with high evaporation rate makes the rainfall available insufficient for crop production (Addis et al. 2001) . Therefore, the agro-pastoralists in the Aba'ala Wereda depend heavily on the floodwater coming from the highlands of Tigray to produce dry land crops.
Floodwater is diverted to the farmland through either temporary diversion structures (traditional) or improved one (Gabion) or modern one (concrete).
Two types of intakes, a modern diversion intake which is irrigating 176 ha and a traditional intake irrigating 137 ha, both located at May Shugala River were selected for this research. The reason for selecting May Shugala River is that it consists of modern and traditional intakes along its length. The traditional diversion intake is made of earthen materials, stones and brushwood while the modern is made of concrete (Fig. 2 ).
Sediments Measurement and Analysis
To develop the grading curve of the sediment bed-material, 10 separate sediment samples were taken from four cross-sections at different locations along the river route. Since the river-bed on the surface was dominated by coarse bed-material with wide variability in size, samples were taken by digging a pit to a depth of 1 m with cross-sectional area of 1 m 2 . Size classification of bed-material was partially accomplished in the field through hand sieving to separate large size materials, while separation of fine grained materials had been made in the laboratory.
As shown in Fig. 3 , the bed material size shows great variation with a median diameter ranging from 16 to 33 mm with an average value of 25 mm.
Floodwater Discharge and Hydrograph
As all the rivers are not gauged, the estimation of discharge was based on flood mark indicated by middle aged and elderly farmers and joint measurements of the height of floods reached during high, medium and low floods. The definition for high, medium and low flood is (Mehari et al. 2013) adopted from farmers. According to the farmers high, medium and low flood stands for a flood that reaches 318, 152, and 60 cm respectively at upstream river section and 168, 76, 34 cm at downstream river section. Moreover, farmers also classify every season as good, average and bad flood season depending on the number of occurrences of the three flood levels. Good season is characterized by at least 6 high, 15 medium and 10 low floods. The average season consists of 6 high, 15 medium and 10 low floods while the bad season is characterized with two high floods only. Field survey was also made using Total Station to measure river hydraulic dimensions. In principle river longitudinal and cross-sectional dimensions, water level and sediment data together with appropriate coefficients can be manipulated using Manning and/or Bathurst equations (given below) to generate floodwater discharge.
Where: For gravel bed rivers manning's roughness coefficient ranges from 0.028 to 0.05 (Arcement and Schneider 1989) . However, according to the results of sensitivity analysis (Fig. 4) , discharge computed using Manning's formula is highly sensitive to roughness values especially at increased water depths.
Hence, based the sensitivity result and recommendation by Arcement and Schneider (1989) , floodwater discharge (Table 1) was determined employing Bathurst equation, provided that roughness coefficient is estimated using D 84 value of the river-bed material along the slope area reach.
In addition to the flood marks, the time to peak and time to end of the high, medium and low floods were identified during the interviews made with the farmers. According to the suggestion of MoAI (2003) , a standard hydrograph for rivers with mountainous catchments is characterized by a time constant where it is changed (increased) when the discharge declines to one third of the peak, and again when the discharge declines to one-tenth of the peak. Hence, combining the data collected during farmers' interview and the suggestion from MoAI (2003) , an incoming flood hydrograph shown in Fig. 5 had been generated for the river.
Besides, the discharge desired at the intakes was estimated by considering the type of crops grown, total command area of the intake, irrigation rotation and the irrigation time. Focal group discussion and collection of secondary data were carried out to identify the type of crops grown, irrigation rotation, and size of command areas. Consequently, the discharge required at the modern and traditional intakes is 16.3 and 12.69 m 3 /s respectively. 
Modelling
Delft3D-Flow, a hydrodynamic model, was used to simulate the flow pattern and sediment processes in the river. Delft3D-RGFGRID model was setup and schematized for a river reach of 1.5 km length. Staggered grids of good quality with Orthogonality values ranging from 0 to 0.07 and aspect ratio values of 1.0 to 1.98 were developed (Fig. 6) . To ensure stable model simulation different time steps were selected for the simulations of different flood levels. A time series flow data derived from the flow hydrograph was used as flow condition for the upstream boundary while the stage-discharge relation computed by Bathurst equation was used as flow condition for river downstream boundary.
There were no adequate data for model calibration and validation. However, a calibration coefficient of 5.7 was adopted in the sediment transport formula as suggested by Kleinhans and van Rijn (2002) and Ribberink (1998) to give better prediction in mountainous and rocky catchments, as is the case in the study area. 
Scenarios
A number of flood and sediment management control options were analysed for their effect on improving the diversion efficiency and minimizing sedimentation. Groynes/spurs, rectangular guide wall, leaf-shaped guide wall, bed stabilizers, increasing weir height, reinforcing traditional diversion intake were considered and analysed. Finally, the most effective control options were clustered into three scenarios as listed below and portrayed in Fig. 7 . hydrograph of the intakes shown in Fig. 8a . Similarly, Table 2 shows the comparison of the required abstraction rate at the intakes with the maximum discharge that can be abstracted under the existing condition.
As shown in the above table, the flood uptake of the modern intake was considerably lower than the required abstraction rate during medium and low flood events. The maximum floodwater uptake of the intakes is 38.2 and 6.9 % of the required abstraction rate during medium and low floods respectively.
The main reason for the low abstraction rate was the deposition of sediments around the intakes that blocked floodwater flow towards the intakes. This was noted from the morphological simulation results of Delft3D (Fig. 8b) which indicated a possible sediment deposition of 46 cm around the intakes. Moreover, the intake was oriented at an angle of 90°with the direction of floodwater in the river, which is not optimum from point of view of floodwater and sediment management. According to the study done by Pirestani et al. (2011) , the best intake angle for higher diversion efficiency and minimum sediment entry is between 115 and 135°. Notwithstanding with the lower and medium floods, simulation results indicated higher floodwater levels at the intake during high flood events that enabled the diversion of 25.49 m 3 /s of floodwater as maximum at the intake under the existing modern structure scenario (Scenario-I). Nonetheless, the maximum abstraction rate indicated above occurred for a short period of time, not more than 10 h as can be seen from Fig. 8a . The model out put further indicated that the total volume of floodwater that could be diverted was 1.16 Mm 3 considering bad season, which could provide 41 % of the 2.8 Mm 3 water demands of crops in the command area. According to the simulated floodwater level, the maximum water uptake of the traditional intake could be 1.75, 23.57 and 26.58 m 3 /s during low, medium and high floods, respectively (Table 2) . The intake hydrograph (Fig. 9) shows a small abstraction rate with longer period of time at lower floods and high abstraction rates for short duration at medium and high floods. This was due to the fact that the traditional diversion structures collapsed shortly after the onset of high floodwater that generated excessive amount of dynamic force beyond the capacity that the structure could withstand. The failure of traditional diversion structures at medium and higher floodwater was common in other countries where spate irrigation is practiced. In Eritrea, traditional diversion structures facing minor and major damage as a result of large floodwater of 50-100 m 3 /s while completely destruction is eminent at 100 m 3 /s flood (Mehari 2007) . With the volume of floodwater that could be diverted under any one of three anticipated seasons (good, average and bad), the command area which could be fully irrigated was estimated and given in Table 3 .
During average seasons it is possible to irrigate 75 and 69 % of the command areas of the modern and traditional intakes respectively. The model estimated that during the bad season 72.7 and 32 ha could be irrigated using the modern and traditional intakes respectively.
Scenario II
In this scenario, simulated floodwater level raise of 22, 38 and 58 cm were noted considering low, medium and high floods, respectively. The corresponding simulated hydrographs are shown in Fig. 10 . As can be seen from was pronounced in improving the floodwater uptake at low and medium floods than at high flood.
The model showed sediment deposition of almost zero around the intake with some depositions in front of the guide wall (Fig. 10d ) which indicates the effect of bed stabilizers in reducing the sediments reaching the diversion point by prohibiting erosion of upstream river-bed.
The enforcement of traditional intake on the existing structure brought about a significant increase in volume of floodwater diverted as the intake was capacitated to abstract for longer period of time with no damage. The reinforcement resulted in strengthening the existing diversion which was in the range of 0.6 to 1.0 m in height, top width being about 1.00 m and the bottom width to being fixed after checking slope stability of the structure. Figure 11 shows the change in shape of the traditional intake inflow hydrograph at medium and high floodwater flow situations.
The simulated volume of floodwater made available as a result of reinforcement was large and the scheme could irrigate all the command area even during the bad season.
The limitation of this scenario is that water level decline of 15 cm (Fig. 12 ) was observed at the traditional intake located downstream of the modern intake. This would imbalance floodwater sharing between upstream and downstream users and may lead to conflict over the meager resource, water, in the area.
Scenario III
The model simulation showed depth of sediment deposition almost zero everywhere which guaranteed the desired pattern of floodwater flows Fig. 13a . Similarly, the provision of guiding wall upstream of the traditional intake adequately minimized the decline in floodwater level observed under scenario II. As shown in Fig. 13b , the floodwater level in the traditional intake is brought to a level which is slightly higher than the existing condition during the low floods. As a result, the desired floodwater abstraction rate was obtained and the sediment deposition around the intakes alleviated. The effect of the interventions was also analyzed by comparing the area being irrigated under existing condition with the area that could be irrigated after the intervention was made.
The percentage of command area irrigated has significantly increased in the third scenario. Even during the bad flood season, 95 % of the command areas could be fully irrigated which is quite satisfactory (Table 4) . /s during medium and high floods respectively. Yet, diverting at higher rate was possible for a very short duration (less than 5 h) mainly because of fast rising and fast declining nature of the incoming floods and due to collapse of the traditional diversion as a result of impact force of floods. & On average flood season, the modern intake can divert 75 % of the required 2.8 Mm 3 of floodwater while the traditional intake diverted 69 % of the required 2.2 Mm 3 of floodwater. On bad flood season, the percentage is even declined to 31 % in the modern intake and 25 % in the traditional intake. & Reinforcing the traditional intake, putting leaf shaped guiding wall and bed stabilizers resulted in a better flood and sediment management practice by reducing sediment deposition to almost zero around the intakes. However, this failed to assure equitable sharing between upstream and downstream intakes as a water level decline of 15 cm was seen in the traditional intake at low flood levels. & Putting 78 m long guide wall at upstream of modern intake and bed stabilizers together with 29 m long guide wall upstream of the traditional intake gives good results in terms of improving diversion capacity of both the intakes and assuring fair share of water between upstream and downstream intakes. & The command areas under both intakes can be expanded by 100 % if the interventions listed under Scenario III are applied.
